Introduction
Multiple studies suggest that proper medication use by patients is one of the most important factors contributing to better outcomes and decreased utilization. Patients who are not adherent to their medication regimens have a poorer prognosis than patients who are adherent. Of all medication-related hospitalizations that occur in the USA, 33%-69% are the result of medication nonadherence, which translates into health care costs reaching $100 billion a year. [1] [2] [3] In the face of growing readmission penalties, hospitals struggle with how to identify patients at risk for avoidable readmissions. 4, 5 Since transitional care interventions have the potential to reduce readmissions, interest in models that could identify patients at risk in real time has increased tremendously. Seven predictive models currently exist that have the potential to identify high-risk patients early during a hospitalization, and five of these can be utilized at the time of discharge. Unfortunately, most predictive models use medical comorbidity and prior utilization data, which in general yield poor predictive ability for hospital readmissions. Models that include functional and social variables produce greater predictive power, although data for these variables are more difficult to obtain. 6 Researchers of the HOSPITAL study collected data on several types of variables from easily obtainable sources. These data included demographic information, previous health care utilization, primary care provider information, index admission characteristics, procedures and chronic medical conditions, and last known laboratory values before discharge. They then used multiple regression modeling to identify seven factors that independently predict 30-day hospital readmission: Hemoglobin at discharge, discharge from an Oncology service, Sodium level at discharge, Procedure during the index admission (any International Classification of Diseases, Ninth Revision, Clinical Modification [ICD-9-CM] coded procedure), Index Type of admission (nonelective vs elective), number of Admissions during the past 12 months, and Length of stay, which they referred to as the HOSPITAL score. 7, 8 Medication adherence is one type of social variable, and while it has been hypothesized that nonadherence might predict hospital readmission, this relationship has not been extensively studied because medication adherence measurements are not easily obtained. 7 In contrast to most predictors of readmission, nonadherence is a "modifiable" risk factor. 9 Furthermore, low baseline adherence has been found to be a predictor of low adherence postdischarge. 10 As such, identifying nonadherent patients in real time could be helpful in developing interventions that could safely reduce hospitalizations.
There are several adherence tools available that identify medication behavior, barriers to adherence, or behaviors associated with nonadherence. However, they have either not been validated or not been proven to be reliable and/or are not sufficiently sensitive. Most of these tools are also time-consuming to administer and have complicated score calculations that make them impractical in day-to-day practice. Therefore, even after years of research, a gold standard scale has still not been identified. [11] [12] [13] The 4-item Morisky Medication Adherence Scale (MMAS-4) has been shown to be reliable, has good validity, and is quick to administer and score. [14] [15] [16] Many researchers have been using it to assess their new medication adherence scales. 17, 18 For this reason, we obtained baseline medication adherence data at hospital admission using the MMAS-4. We then used these data to test the hypothesis that medication nonadherence can predict 30-day hospital readmission.
Patients and methods setting and participants
This retrospective cohort study was conducted at the CedarsSinai Medical Center (CSMC), a large nonprofit, tertiary care teaching hospital in Los Angeles, California, USA. Our analysis included patients admitted by a large hospitalist service who received a pharmacist consultation as part of a quality improvement (QI) project from February 1, 2013, to January 31, 2014. The QI project included all patients who met at least one of the following inclusion criteria: age $65 years, on $10 chronic medications, therapeutic duplicates in patient's most recent electronic health record (EHR) medication list, heart failure (defined as having an ejection fraction ,40%, documented heart failure in the History & Physical examination note or in the EHR problem list), and if they were referred for a pharmacist consultation by the treating hospitalist based on clinical judgment. Chronic medications were defined as medications prescribed for chronic conditions that were to be taken on a scheduled basis. Short-term antimicrobial therapy, vitamins, herbal supplements, and medications prescribed on an as-needed basis were not considered to be chronic medications. Patients were excluded from the analysis if they would be excluded from Centers for Medicare & Medicaid (CMS) readmission measures: those who died before discharge, were discharged to another health care facility or hospice, or left against medical advice.
19 Patients were also excluded if the consulting pharmacist was not able to assess medication adherence (ie, if the patient was intubated) or if they were intentionally readmitted for an elective procedure within 30 days of discharge of the index hospitalization. The CSMC Institutional Review Board (IRB) approved the study. All data collection and analysis were performed in compliance with IRB requirements. Written informed consent was not required by the CSMC IRB.
Outcome variable
Our outcome measure was nonelective hospital readmissions within 30 days of discharge. Any patient rehospitalized to CSMC via the Emergency Department was considered nonelective. Of note, unplanned direct admissions are very rare at CSMC due to bed shortages, so inpatient admissions via the Emergency Department accurately reflect nonelective rehospitalizations.
independent variable
The independent variable of interest was medication adherence, used as a predictor of 30-day readmissions. Our null hypothesis was that this odds ratio would not differ from 1. We also evaluated the c-statistic for the multiple regression model predicting 30-day readmissions. Our null hypothesis was that adding adherence to the model would not change the c-statistic. 
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Other variables
For each patient included in the analysis, we extracted all seven covariates used in the HOSPITAL model. 7 We used the CSMC EHR to extract demographic information, insurance information, previous health care utilization data (number of admissions in the previous year), and data from the index admission (hemoglobin and sodium levels before discharge, length of stay, and index admission type). We extracted information about procedures performed during the hospitalization from billing data. Because many CSMC oncologists use hospitalists, we checked if patients had received a consultation from an oncologist during the hospital stay to approximate discharge from an oncology service variable (Table 1) . 
Assessing patient medication adherence
Pharmacist consultations focused on obtaining the best possible prior to admission medication history, assessing medication adherence to all chronic medications, and providing education. The consulting pharmacist assessed medication adherence via the MMAS-4 14-16 using the following questions: 1. Do you ever forget to take any of your chronic medicines? 2. Do you ever have problems remembering to take any of your chronic medicines? 3. When you feel better, do you sometimes stop taking any of your chronic medicines?
4. Sometimes, if you feel worse when you take any of your chronic medicines, do you stop taking them? Since this was a retrospective analysis and we sought to control for confounding variables, the independent contribution of medication adherence to predict readmission was adjusted for seven HOSPITAL factors that are found to be significant independent predictors of 30-day hospital readmission.
Patient education
As part of the QI project, patients with medication knowledge deficits were educated at the time of the initial pharmacist Other diagnoses at admission included anemia, bile duct obstruction, arthritis, calculus, cervical spondylosis, cholangitis, fluid overload, fracture, complications of transplanted organ, complications of implanted device, constipation, degeneration of lumber or lumbosacral intervertebral disk, dehydration, dementia, dislocation of prosthetic joint, disorder of autonomic nervous system, displacement of cervical intervertebral disk, electrolyte imbalance, encephalopathy, epilepsy, fecal impaction, gastritis, gastromy complications, gout, hallucinations, headache, hemiplegia, inguinal hernia with obstruction, intestinal obstruction, migraine, orthostatic hypotension, osteoarthrosis, pain, poisoning, pressure ulcer, prosthetic joint repair, sickle-cell crisis, spasm of muscle, sprain of neck, systemic lupus erythematosus, systemic sclerosis, psychosis, ulcerative colitis, and vascular insufficiency of intestine. 
805
Medication nonadherence predicts readmission consultation. Telephonic pharmacist counseling was also attempted within 72 hours after discharge for patients with low levels of adherence (and for some with medium levels, based on pharmacist judgment). During these phone calls, pharmacists reviewed the discharge medication list with the patient and identified any drug-related problems that warranted follow-up.
statistical analysis
All covariates, including adherence, were tested individually to assess their association with 30-day readmission using bivariate nonparametric Wilcoxon rank-sum test and chi-square test for continuous and categorical covariates, respectively ( Table 2 ). The previously published multiple 7 was then fitted with and without adherence to assess the contribution of adherence to the model. The odds ratios, Wald 95% confidence intervals (CIs), and P-values for the association of the full model results adding adherence are reported ( Table 3) . As a sensitivity analysis, we added the number of prior-to-admission medications into the model as both continuous and categorical variables (three levels: 2-9, 10-19, and 20-48).
The c-statistic was used to evaluate prediction accuracy, where c =1 for a perfect model and c =0.5 for a model with no better than random classification. 20 Because we did not expect the predictive capacity of the HOSPITAL model to remain constant when we adapted this model to our data structures and our patient population, the most relevant c-statistic comparison was the c-statistic achieved by our model using our data with and without the inclusion of medication adherence data. All reported tests were two sided at a significance level of α =0.05. P-values were not adjusted for multiple testing. Data were analyzed using the SAS statistical software (SAS Institute, Cary, NC, USA). Other diagnoses at admission included anemia, bile duct obstruction, arthritis, calculus, cervical spondylosis, cholangitis, fluid overload, fracture, complications of transplanted organ, complications of implanted device, constipation, degeneration of lumber or lumbosacral intervertebral disk, dehydration, dementia, dislocation of prosthetic joint, disorder of autonomic nervous system, displacement of cervical intervertebral disk, electrolyte imbalance, encephalopathy, epilepsy, fecal impaction, gastritis, gastromy complications, gout, hallucinations, headache, hemiplegia, inguinal hernia with obstruction, intestinal obstruction, migraine, orthostatic hypotension, osteoarthrosis, pain, poisoning, pressure ulcer, prosthetic joint repair, sickle-cell crisis, spasm of muscle, sprain of neck, systemic lupus erythematosus, systemic sclerosis, psychosis, ulcerative colitis, and vascular insufficiency of intestine. c Other diagnoses at 30-day readmission included acute vascular insufficiency of intestine, altered mental status, cerebral infarction, electrolyte imbalance, fracture, hemiplegia, hepatic encephalopathy, complications due to renal dialysis device, hypersensitivity angitis, fall, pain, and unspecified disorder of stomach and duodenum. 
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Results
Five hundred and eighteen adult patients admitted under inpatient status received a pharmacist consultation during the study period (Figure 1 ). Of these patients, 111 patients were excluded due to having been transferred to another acute care facility or psychiatric facility, inability to assess adherence, being discharged to hospice or a skilled nursing facility, dying before discharge, or because the patient left against medical advice. Twenty-two additional patients were excluded due to their readmissions being planned. Ultimately, 385 patients were included in this analysis, of whom 61 patients experienced an unplanned 30-day readmission.
Baseline characteristics for patients with low, intermediate, and high adherence are reported in Table 1 . Patients included in the analysis had diverse medical conditions including general medicine, cardiology, endocrinology, hematology, gastroenterology, nephrology, oncology, pulmonology, transplant, rheumatology, and infectious diseases. When medication adherence was added to the model as low, intermediate, and high, the low and intermediate levels had similar associations with readmission (P=0.855); therefore, these levels were collapsed into one category (Table 3) . Multiple regression modeling showed that patients with low or intermediate adherence (combined) had an adjusted 2.54-fold (95% CI: 1.32-4.90) higher odds of readmission (P=0.005) as compared to patients with high adherence. When we tested the HOSPITAL variables in our regression model without medication adherence, the c-statistic (Wald 95% CI) was 0.65 (0.58-0.73). After adding adherence to the model, the c-statistic (Wald 95% CI) improved to 0.70 (0.63-0.76). As a sensitivity analysis, we ran our final model with adherence adding the number of medications as an additional covariate. The number of medications, whether included as continuous or categorical variables, was highly insignificant (P=0.88 and P=0.57, respectively), while adherence stayed significant.
Discussion
Our study found that patients with either a low medication adherence or an intermediate medication adherence had .2.5 times greater odds of being rehospitalized within 30 days. Furthermore, when medication adherence was added to our model, its predictive capability was improved. In a systematic review of models that predict hospital readmission, the five models requiring information from hospital discharge had c-statistic ranging from 0.68 to 0.83. 6 c-Statistic 0.70 is often used as the minimum cutoff for acceptable discrimination, so improving the baseline c-statistic from 0.65 to 0.70 represents a meaningful improvement.
The MMAS-4 provides clinicians with a reliable and quick assessment of medication adherence since it consists of four simple yes/no questions that takes less than a minute to administer. Based on 2015 US Bureau of Labor Statistics, the hourly wage data for pharmacists are $57.34. 21 Having a pharmacist assess medication adherence using the MMAS-4 would cost less than a dollar. Like any self-reported measure, MMAS-4 may have several limitations that may compromise its accuracy (such as recall bias and/or overestimation). 22 However, the benefit of allowing clinicians to focus on helping patients overcome barriers leading to nonadherence may offset this limitation. Interestingly, we were only able to detect a difference in readmissions between high-adherence and nonhighadherence patients. It remains unclear whether intermediate adherence is better than low adherence as it relates to the primary outcome. It is possible that this study was not sufficiently powered to detect this difference or that the education provided equalized these groups but could not bring them up to the level of patients with high baseline adherence. Alternatively, it is conceivable that there is no significant difference in 30-day readmissions between patients who have low vs intermediate adherence and that the key determinant is simply whether or not they are highly adherent. More research will be required to definitively answer this question.
Another interesting finding was that race and marital status correlated with the level of adherence. This finding is consistent with the results of a sociodemographic analysis by Jankowska-Polańska et al 23 who postulated that poor understanding of hypertension treatment was linked to patients having low adherence and living alone. This observation may warrant additional study to determine whether adherence is a modifiable predictor of hospital readmission or whether it is merely a measure of low socioeconomic status and poor social support that are the true root causes of readmission.
The initial variables in the HOSPITAL study were selected based on a priori hypotheses, and seven of them have been shown to be predictive of 30-day hospital readmission. We included all seven HOSPITAL variables in our regression model; however, only three of them (discharge from oncology service, sodium level at discharged, and length of stay) achieved statistical significance in our patient population. This could be due to statistical power, as we could include only 385 patients in our analysis that required an MMAS-4 for each patient vs 9,212 patients in HOSPITAL study, which used exclusively administrative data.
This study has several limitations. 1) This was a singlesite study. Further study outside the CSMC would be necessary to confirm generalizability, although we have no reason to suspect that these results would not generalize. 2) As with almost any observational study, we cannot exclude the possibility that differences in readmission rates were due to unmeasured variables. 3) We were only able to identify readmissions occurring at CSMC. Prior investigators have found no reason to conclude that readmissions to other hospitals would have different predictors. 7 4) Given our inclusion criteria, patients who were included in our study were more medically complicated than the patients who were not included. These criteria did identify patients who are systematically different, but not in any way that it should raise concern. In fact, one could consider this to be a strength of the study since we selected a potentially higher risk group of patients who may benefit most from intervention. Nonetheless, future research should consider expanding the inclusion criteria to include less sick patients. Finally, to the extent that patient education to improve adherence occurred in real time as part of the QI project, our results may actually underestimate the predictive power of medication adherence.
Conclusion
Good medication adherence assessed at the time of hospitalization appears to be independently associated with 30-day hospital readmission rates. Given that medication adherence could identify patients at higher risk of readmission, the information is easily obtainable in real time, and the fact that medication nonadherence has been shown to be a modifiable risk factor, a patient's adherence level to medications is a uniquely valuable information. An unanswered research question is whether targeted interventions can be effectively deployed to reduce 30-day readmission rates in patients who are prospectively identified as not having good adherence.
